Aim We developed a novel estimation method for hemoglobin A1c (HbA1c) in type 2 diabetes (T2D) patients with end-stage renal disease (ESRD). This method is based on the glycated albumin (GA) level. Methods Of the 788 Japanese patients with T2D included in this study, 545 had normal renal function (NRF group) and 243 had ESRD. Oral glucose tolerance tests (OGTTs) were performed in 80 subjects. The variables GA, body mass index (BMI), hemoglobin (Hb), and estimated glomerular filtration rate (eGFR) were significantly associated with the GA-to-HbA1c ratio and were used to determine the estimated HbA1c (eHbA1c). One method of estimating HbA1c involved dividing GA by the GA-to-HbA1c ratio predicted from the estimated regression equation; the estimated HbA1c obtained in this manner was denoted eHbA1c-1. −1 ; adjusted R 2 = 0.676 for actual HbA1c. The sensitivity of eHbA1c-1 was better than that of GA for diabetes diagnosis using the 75-g OGTT. There were no differences in the slope of eHbA1c-1 versus GA and the variance of eHbA1c-1 between the ESRD and NRF groups. eHbA1c-1 was not associated with Hb, erythropoiesis-stimulating agent use, or ESRD concomitance. Conclusions eHbA1c-1 may be a useful parameter for estimating HbA1c in T2D patients with ESRD.
Introduction
Hemoglobin A1c (HbA1c) is the gold standard marker for glycemic control in patients with diabetes mellitus (DM). However, several studies have suggested that HbA1c levels in end-stage renal disease (ESRD) patients, such as those receiving hemodialysis (HD), tend to be lower for their shorter red blood cell life span and use of erythropoiesisstimulating agents (ESAs) [1] [2] [3] [4] . Other studies have indicated that glycated albumin (GA), which is not affected by the red blood cell life span or ESA administration, could be used as an alternative marker to HbA1c for plasma glucose control in ESRD patients, including those receiving HD [1] [2] [3] . However, although GA levels are not influenced by the red blood cell life span or use of ESAs, they may fluctuate under the prolonged albumin (Alb) metabolism associated with common complications experienced by ESRD patients, such as hypothyroidism, decreased body 1 3 mass index (BMI), chronic inflammation, and liver dysfunction [5] [6] [7] [8] [9] . Thus, there is an ongoing academic debate about whether HbA1c or GA is the more useful glycemic control index in ESRD patients [10] [11] [12] .
In recent years, several studies have employed the GAto-HbA1c ratio (GA/HbA1c ratio) to estimate HbA1c levels based on measured GA levels [13] [14] [15] . This method is useful for patients in pathophysiological states for which the HbA1c level may not accurately reflect the plasma glucose level. The equation used to predict the HbA1c level in these studies is a linear function in which the GA/HbA1c ratio is assumed to be constant. However, because the GA/HbA1c ratio is 30-40% higher in ESRD patients receiving HD than in DM patients without renal dysfunction [1] [2] [3] , the conventional predictive equation for HbA1c that uses the measured GA is not suitable for ESRD patients.
To address these issues, we determined the independent factors that contribute to the GA/HbA1c ratio in order to establish a novel regression formula. We then used this formula as the coefficient in novel methods that provided an estimate of HbA1c (eHbA1c) based on the GA level. The purpose of this study was to investigate the utility of one such eHbA1c parameter, eHbA1c-1, derived using one of those novel methods, for type 2 diabetes (T2D) patients with ESRD, including those receiving HD.
Materials and methods

Study design and study subjects
In this cross-sectional study, the medical records of outpatients with and without T2D at the Osafune Clinic, Shin Kashiwa Clinic, Shin Kashiwa Clinic Ootaka No Mori, Kobayashi Medical Clinic, and Innoshima General Hospital were accessed to retrieve background characteristics and clinical data.
First, we developed novel equations for estimating the HbA1c using the GA/HbA1c ratio in T2D patients with normal renal function (NRF) (study design 1). We then investigated the association between the eHbA1c values given by each of two selected novel equations and the plasma glucose level using standard 75-g OGTT data, and assessed the utility of those two eHbA1c equations for diagnosing diabetes mellitus in patients with NRF (study design 2). Finally, we examined the utility of the two eHbA1c parameters (denoted eHbA1c-1 and eHbA1c-2) arising from the two selected novel equations as markers of glycemic control in T2D patients with ESRD (study design 3).
Study design 1
First, we developed novel eHbA1c equations based on the GA level in T2D patients. The clinical data for outpatients with T2D were analyzed and all patients that met the following criteria were considered for inclusion in study design 1: no episodes of ketoacidosis, initial diagnosis of diabetes at > 40 years of age, no demonstrable antibodies to glutamic acid decarboxylase, and no changes in T2D treatment during the 3 months prior to the measurement of HbA1c and GA levels. The GA/HbA1c ratio is influenced by several factors [1] [2] [3] [4] [5] [6] [7] [8] [9] . In order to develop a robust eHbA1c parameter, we investigated the independent factors that contribute to the GA/HbA1c ratio in T2D patients without severe anemia or severe hypoalbuminemia. Moreover, T2D patients with the following criteria were excluded from the analysis: diagnosed with DM less than 3 months previously, age < 20 years, signs of infection or treatment for malignancy at the time of specimen collection, and hemoglobin (Hb) level < 8.5 g/dL or serum Alb level < 3.0 g/ dL. Subjects in the NRF group had an estimated glomerular filtration rate (eGFR) of ≥ 60 mL/min/1.73 m 2 , as calculated from the serum creatinine (Cr) level.
The GA/HbA1c ratio (HbA1c values in derived NGSP units) was calculated using data from T2D patients in the NRF group, and independent factors that contribute to this ratio were investigated. T2D patients with the following characteristics were excluded from this analysis: Hb concentration < 13.5 g/dL in males or < 11.5 g/dL in females, variation in HbA1c ≥ 1.0% (11 mmol/mol) or GA ≥ 2.5% over 3 months, BMI ≥ 30.0 kg/m 2 or BMI < 18.5 kg/m 2 , and complication with disorders of the thyroid, liver, and blood, including renal anemia, treatment with ESAs, iron preparations, vitamins, and urinary protein concentration ≥ 0.5 g/gCr. NRF-group subjects with none of these exclusion criteria were included in the final analyses performed to develop equations for predicting HbA1c. A linear regression analysis was performed to identify the variables that influence the GA/HbA1c ratio. A stepwise multivariate linear regression analysis was then carried out to identify the independent variables associated with the GA/ HbA1c ratio. A regression formula was derived. Finally, we developed two equations for predicting eHbA1c. In the first, GA was divided by the GA/HbA1c ratio predicted from the regression equation, and the eHbA1c parameter yielded by this equation was denoted eHbA1c-1. In the second equation, HbA1c was predicted from the regression equation, and the eHbA1c parameter yielded by this equation was denoted eHbA1c-2.
Study design 2
We examined the utility of the two eHbA1c equations for diabetes diagnosis. A standard 75-g OGTT was performed in patients with impaired fasting glucose (IFG) and impaired glucose tolerance (IGT), HbA1c ≥ 5.8% (40 mmol/mol), fasting plasma glucose (FPG) ≥ 110 mg/dL, or occasional plasma glucose (PG) ≥ 140 mg/dL, but not in those with a diagnosis of diabetes [16] , FPG ≥ 126 mg/dL, eGFR < 60 mL/min/1.73 m 2 , age < 20 years, signs of infection or treatment for malignancy, Hb level < 8.5 g/dL, or serum Alb level < 3.0 g/dL at the time of specimen collection. The standard 75-g OGTT was performed after the patient had fasted for at least 10 h. We evaluated PG levels at 0, 30, 60, 90, and 120 min for the 75-g OGTT. We also evaluated C-peptide immunoreactivity (CPR) levels at 0 and 30 min, and calculated ΔCPR by subtracting the CPR at 30 min from the CPR at 0 min, for the 75-g OGTT. In addition, immunoreactive insulin (IRI) levels were evaluated at 0 min for the 75-g OGTT.
Study design 3
We examined the utility of the two eHbA1c equations as markers of glycemic control in T2D patients with ESRD. We investigated whether the average PG (aPG) exhibited any correlation with HbA1c, GA, eHbA1c-1, or eHbA1c-2, and identified the significant independent factors associated with those markers in all T2D patients. In the ESRD group, subjects included those with eGFR < 15 mL/min/1.73 m 2 or those receiving HD. Renal anemia was treated according to Japanese guidelines [17] with ESAs and iron preparations.
Laboratory measures
Blood samples were collected from HD patients before HD therapy, ESRD patients who were not undergoing HD therapy, and NRF-group patients. HbA1c and GA were measured once a month for each subject, concomitant with the measurement of Hb, serum Alb, serum Cr, and urinary protein. aPG levels were measured on three occasions over the three months in the NRF and the ESRD groups. Anemia was defined as Hb < 13.5 g/dL in males and < 11.5 g/dL in females [17] . eGFR was calculated as follows: eGFR = 19 4 × Cr −1.094 × age −0.287 (age × 0.739 for females), in accordance with the 2012 Chronic Kidney Disease Guidelines [18] . Homeostasis model assessments (HOMAs) of insulin resistance (HOMA-IR) and HOMA β-cell function (HOMA-β) were carried out based on FPG and IRI levels using the formulae HOMA-IR = FPG (mg/dL) × IRI (μU/mL)/405 and HOMA-β = 360 × IRI (μU/mL)/(FPG (mg/dL) − 63), respectively [19] . PG levels were measured using the HK-G6PD method (DENKA SEIKEN, Tokyo, Japan), HbA1c levels were measured using high-performance liquid chromatography (ARKRAY, Kyoto, Japan), and GA levels were measured using an enzymatic method (Asahikasei Pharma Co., Tokyo, Japan). Plasma IRI levels were measured using CLEIA (Fujirebio Inc., Tokyo, Japan). Plasma CPR levels were measured using an immunoenzymometric assay (TOSOH Co., Tokyo, Japan).
Statistical analysis
Continuous variables were expressed as mean ± standard deviation values and categorical variables as actual values or percentages. The Shapiro-Wilk test was used to test for Gaussian distributions of continuous variables. The variable urinary protein excretion rate was converted into a natural logarithm (ln). A multiple linear regression analysis was used to investigate the independent factors that contribute to the GA/HbA1c ratio. The multiple correlation coefficient adjusted for the degrees of freedom (adjusted R 2 ) and the root mean square error (RMSE) were used to investigate the agreement between the calculated eHbA1c values and the actual HbA1c values. The two groups were compared using Student's t test for continuous variables and the chi-square test for frequencies and ordinal variables. Analysis of variance (ANOVA) was used to investigate changes in aPG and HbA1c over three months. Pearson's product-moment correlation coefficient (r) was used to assess correlations between continuous variables. Analysis of covariance (ANCOVA) was applied to examine the congruity of the slope and the variance between two groups. A binomial logistic regression analysis was used to investigate the HbA1c and GA levels in T2D patients in addition to the independent factors that contribute to the eHbA1c. Continuous variables were used in the binomial logistic regression analysis after the values of each variable had been categorized into values above and below its mean. Microsoft Excel ® 2010 (Microsoft, Seattle, WA, USA) was used for the RMSE assessment and IBM SPSS ® Statistics 19 software (IBM, Armonk, NY, USA) was used for all other analyses. P < 0.05 was considered to indicate statistical significance.
Results
Categorization of study subjects
A total of 885 outpatients with type 2 diabetes, IFG, or IGT were enrolled in this study (Fig. 1) . The 788 type 2 diabetes patients enrolled in the present study were divided into NRF and ESRD groups (study design 3). Among the 545 NRF-group subjects, 156 selected subjects were examined to develop equations for estimating HbA1c (study design 1). Of the 94 patients that underwent a standard 75-g OGTT, 14 who met the exclusion criteria were eliminated from the analysis. Thus, 80 patients with IFG or IGT were enrolled in the analysis (study design 2).
Development of two estimation methods for HbA1c (study design 1)
Of the 545 NRF group subjects, 389 (71.4%) had backgrounds that could possibly influence HbA1c levels and were therefore excluded from the analysis performed to develop the estimation equations. Those subjects had backgrounds that included at least one of the following: anemia (67 cases); plasma glucose variation within the past 3 months (57 cases); high or low BMI (93 cases); thyroid disease, liver disease, hematological disorders, or renal anemia (152 cases); treatment with ESA, iron preparations, or vitamins (49 cases); nephrotic syndrome (7 cases). The selected 156 subjects in the NRF group were examined to identify independent factors associated with the GA/HbA1c ratio. The mean values of HbA1c [% (mmol/ mol)] and aPG (mg/dL) over the three consecutive months in the 156 NRF cases were 6.4 ± 0.7 (46 ± 8), 6.5 ± 0.7% (47 ± 8), 6.5 ± 0.7% (48 ± 8), and 6.4 ± 0.7% (46 ± 8) and 127.7 ± 44.2, 133.9 ± 53.1, 129.6 ± 43.8, 123.8 ± 44.5, respectively. Thus, the HbA1c or aPG values were stable before enrollment in the present study (HbA1c, P = 0.221; aPG, P = 0.181).
The slope of the correlation between the GA/HbA1c ratio and GA was found to be proportional to the inverse of HbA1c, so the GA/HbA1c ratio was nonlinearly correlated with GA. We therefore attempted to identify the GAbased formula that would best predict the GA/HbA1c ratio. We examined inverse (3.759 -20.004 × GA −1 , R 2 = 0.573, P < 0.001), logarithmic (− 0.932 + 1.235 × ln(GA), R 2 = 0.561, P < 0.001), power (0.624 × GA 0.497
, R 2 = 0.551, P < 0.001), and exponential (1.555 × e 0.029 × GA, R 2 = 0.517, P < 0.001) models, all employing GA as an independent variable, as possible formulae to predict the GA/HbA1c ratio. We found that the inverse model of GA gave the best fit to the GA/HbA1c ratio among the four models. We thus employed GA −1 as an independent variable to estimate the GA/HbA1c ratio in a multiple linear regression A total of 885 outpatients were enrolled in this study.
T2D with normal renal function and ESRD:
Inclusion criteria: no episodes of ketoacidosis, initial diagnosis of diabetes at >40 years of age, no demonstrable antibodies to glutamic acid decarboxylase, and no changes in T2D treatments; Exclusion criteria: DM diagnosis within 3 months, age younger than 20 years, infection signs or treatment for malignancy at the time of specimen collection, and Hb level < 8.5 g/dL or serum Alb level < 3.0 g/dL IFG / IGT received 75-g OGTT: Study design 2 Fig. 1 Flow diagram of the present study. A total of 885 outpatients with T2D, IFG, or IGT were enrolled in this study. The 788 T2D patients enrolled in the present study were divided into a NRF group and an ESRD group (study design 3). Among the 545 NRF-group subjects, 156 selected subjects were examined to develop equations for predicting HbA1c (study design 1). Of the 94 patients who underwent a standard 75-g OGTT, 14 who met the exclusion criteria were eliminated from the analysis. Eighty patients with IFG or IGT were ultimately enrolled for analysis (study design 2) analysis. In addition to GA −1 , we also selected age, DM history, degree of proteinuria, serum Alb concentration, BMI, Hb, and eGFR as independent variables. In a stepwise multiple linear regression analysis, age, DM history, degree of proteinuria, and serum Alb concentration were excluded from the regression formula, and GA −1 , BMI, Hb, and eGFR were identified as significant independent variables. We then defined eHbA1c-1 as the parameter obtained by dividing GA by the GA/HbA1c ratio predicted from the estimated regression equation, and we defined eHbA1c-2 as the parameter obtained from the estimated regression equation using GA, BMI, Hb, and eGFR.
In the 156 selected T2D patients, eHbA1c-1 and eHbA1c-2 were found to correlate well with the actual HbA1c when equation model 4 and 8 were applied (Table 1) , according to the adjusted R 2 and RMSE values. This equation model included the independent variables GA −1 , GA, BMI, Hb, and eGFR. It was not possible to evaluate the eGFR in HD patients, and eGFR had a minimal effect on eHbA1c-1 and eHbA1c-2 in the ESRD patients. In fact, the adjusted R 2 values of the equation models with and without eGFR in the ESRD group were 1.000. We therefore eliminated eGFR as an independent variable for ESRD patients. The final equations for eHbA1c-1 and eHbA1c-2 were as follows:
In the 156 selected T2D patients, HbA1c, eHbA1c-1, and eHbA1c-2 yielded similar regression line slopes (aPG, P = 0.596; GA, P = 0.997) and variances (aPG, P = 0.340; GA, P = 0.061) when they were compared with aPG and GA.
Specificity and sensitivity of eHbA1c-1 and eHbA1c-2 for DM diagnosis (study design 2)
Eighty patients (33 males; mean age 59.5 ± 11.8 years old) with IFG or IGT were enrolled in the analysis. eHbA1c-1 and eHbA1c-2 showed significant positive correlations with the PG level at all time points after the 75-g OGTT, and with the peak and mean PG levels after the 75-g OGTT (Table 2) . We examined the specificity and sensitivity of eHbA1c-1 and eHbA1c-2 for DM diagnosis based on 75-g OGTT and HbA1c data. Of the 80 patients who received a standard 75-g OGTT, 25 (31.3%) were diagnosed with DM with PG ≥ 200 mg/dL and HbA1c ≥ 6.5% (47 mmol/mol). In the 75-g OGTT, eHbA1c-1 ≥ 6.5% significantly predicted peak PG ≥ 200 mg/dL, while both GA ≥ 17.0% [20] (P = 1.000) and eHbA1c-2 ≥ 6.5% (P = 0.374) failed to predict peak PG ≥ 200 mg/dL. eHbA1c-1 showed superior sensitivity (68%) in the prediction of peak PG ≥ 200 mg/dL and HbA1c ≥ 6.5% (47 mmol/mol) compared with GA (28%) and eHbA1c-2 (40%). The specificity for PG ≥ 200 mg/dL and HbA1c ≥ 6.5% (47 mmol/mol) was similar for all the markers ( Table 2) .
Correlations of aPG with HbA1c, GA, eHbA1c-1, and eHbA1c-2 (study design 3)
BMI, serum Alb concentration, and serum Hb concentration were significantly lower in the ESRD group (n = 243) than in the NRF group (n = 545) ( Table 3) . Although HbA1c values were significantly lower in the ESRD group than in the NRF group, aPG, GA, and eHbA1c-1 values were significantly higher in the ESRD group. The GA/HbA1c ratio was significantly higher (by 30.7%) in the ESRD group than in the NRF group. There were no significant differences between the ESRD and NRF groups in the slopes of the correlations of aPG with HbA1c (P = 0.065), GA (P = 0.137), eHbA1c-1 (P = 0.918), and eHbA1c-2 (P = 0.733) (Fig. 2) . However, the variances of HbA1c (P < 0.001) and eHbA1c-2 (P = 0.002) were significantly lower and the variance of GA (P < 0.001) was significantly higher in the ESRD group. Conversely, there was no significant difference between the groups (P = 0.066) in the variance of eHbA1c-1 correlated with aPG.
Independent factors that contribute to HbA1c, GA, eHbA1c-1, and eHbA1c-2 (study design 3)
To identify the factors that contribute to HbA1c, GA, eHbA1c-1, and eHbA1c-2, a binomial logistic regression analysis was performed based on the data from all T2D patients (Table 4 ). The independent variables included aPG, BMI, Alb, presence of anemia, concomitant ESRD, and use of ESAs. aPG and BMI were positive contributing factors to eHbA1c-1, while Hb, use of ESAs, and ESRD concomitance were excluded. In contrast, significant positive contributing factors to eHbA1c-2 were aPG, BMI, and absence of anemia. were noted between the two groups in terms of the relationships of aPG with HbA1c, GA, eHbA1c-1, and eHbA1c-2. However, significant differences were noted between the groups in terms of the variances of HbA1c and eHbA1c-2, which were significantly smaller in the ESRD group than in the NRF group. Moreover, a significant difference was noted between the groups in the variance of GA, which was significantly higher in the ESRD group than in the NRF group. No significant difference in the variance for eHbA1c-1 in relation to aPG was noted between the two groups 
Discussion
We propose eHbA1c-1 as a novel parameter for estimating HbA1c values based on GA, BMI, Hb, and eGFR. eHbA1c-1 showed a significant positive correlation with the PG level at all time points, and with the peak and mean PG values during the 75-g OGTT. We found that eHbA1c-1 was closely associated with aPG level but not with anemia, use of ESAs, serum Alb, or ESRD concomitance in T2D. Our results suggest that eHbA1c-1 may be a useful novel parameter for estimating HbA1c using GA in T2D patients with ESRD. In our study, the GA/ HbA1c ratio was significantly increased by 30.7% in the patients in the ESRD group, as previously reported [1] [2] [3] . Furthermore, a significant negative correlation was found between eGFR and the GA/HbA1c ratio. In recent years, several studies have investigated whether HbA1c levels can be estimated from GA levels in patients without ESRD [13] [14] [15] . However, eHbA1c-2 and the equations employed in previous studies assume a linear correlation between HbA1c and GA with a constant slope. The formulae used in previous reports [1] [2] [3] and eHbA1c-2 are not applicable to ESRD patients, as the GA/HbA1c ratio is large. Instead, eHbA1c-1, which is calculated based on the regression equation for the GA/HbA1c ratio, may be a Both Hb and BMI demonstrated significant negative correlations with the GA/HbA1c ratio. Hb was positively associated with HbA1c and negatively associated with GA. Chronic inflammation and malnutrition, which are commonly observed in ESRD patients [21, 22] , may enhance Alb catabolism and prolong the survival of erythrocytes. It was shown that both HOMA-β and BMI are negatively correlated with the GA/HbA1c ratio and positively correlated with HbA1c [22, 23] . In another study, GA values were found to be elevated in patients with a low BMI and a low HOMA-IR [5] . Thus, patients with a high BMI may be mistakenly diagnosed as nondiabetic based on their GA values [20] . eHbA1c-1 may be a useful marker not only for T2D patients with ESRD but also in other patients in whom the HbA1c level may not exactly reflect the actual PG level, such as those suffering from anemia, obesity, or malnutrition.
Previous reports [1] [2] [3] showed that there was no difference in blood glucose levels and GA values between diabetic patients with ESRD and those without nephropathy. However, in our study, significantly higher GA variance was observed in the ESRD group, and concomitant ESRD was a significant independent contributing factor to higher GA levels. One reason for this discrepancy between studies may be that T2D patients were classified by Cr value in previous reports but by eGFR value in this study. However, further studies are necessary to clarify this discrepancy.
There are some limitations of this study. Firstly, the blood samples from patients who were not receiving HD were obtained in an outpatient clinic and were collected before dialysis sessions from HD patients. A similar approach to sample collection was also used in previous studies examining the interrelationships between PG, HbA1c, and GA in T2D patients [1] [2] [3] 24] . Further investigation based on data provided by continuous glucose monitoring is needed to resolve this limitation [25] . Moreover, the utility of eHbA1c for diagnosing diabetes mellitus in T2D patients with ESRD has not been demonstrated. Further clinical studies are required to address this issue. Secondly, the number of patients enrolled in this study was rather small. An analysis using a large database of diabetic patients encompassing a variety of races and ethnicities is needed to develop more accurate eHbA1c-1 equation models. Finally, eHbA1c-1, which is calculated using a GA-based equation, may reflect faster changes in plasma glucose levels than in HbA1c.
In conclusion, we have proposed a novel method of estimating HbA1c from GA using a GA/HbA1c ratio regression formula. The resulting parameter, eHbA1c-1, may be useful for diagnosing DM and for monitoring glycemic control in T2D patients with ESRD. Further studies are need to confirm the usefulness of this parameter for ESRD patients with diabetes.
